observed that the normal X-chromosome was preferentially inactivated in patients with balanced X-autosome translocations; while the aberrant X-chromosome was inactivated in most cells from patients with unbalanced alterations. By performing the fluorescence-based EdU assay, the differences between the active and inactive X-chromosomes are more easily recognizable than by classic cytogenetic methods. Furthermore, EdU incorporation allows the observation of the late replication regions in autosomal segments present in X derivatives from X-autosome translocations. Therefore, EdU assay permits an accurate and efficient cytogenetic evaluation of the X inactivation pattern with a low-cost, easy to perform and highly reproducible technique.
Introduction
X-chromosome inactivation (XCI) is a mechanism of dose compensation in female somatic cells of mammals, which silences most of the genes in one of the two X-chromosomes. The presence of X inactivation center, mapped at Xq13.2, is essential for X-chromosome silencing. After recognizing that a single cell presents two X-chromosomes, XCI is initiated by transcription of the non-coding XIST gene, located at X inactivation center (Brown et al. 1991; Lee 2009 ). The non-coding XIST transcript plays as both cis-acting and trans-acting by coating the X-chromatin in both directions from the X inactivation center. Thus, the epigenetic modifications result in transcriptional gene silencing (Brown et al. 1991 (Brown et al. , 1992 Engreitz et al. 2013 ). The inactive X-chromosome can be distinguished by some specific biological properties, such as heterochromatic state (Barr and Bertram 1949) , late replication (Willard and Latt 1976) , methylation of CpG islands (Tribioli et al. 1992 ) and 1 3 histones modifications (Belyaev et al. 1996) . All these epigenetic marks serve as chromosomal memory to ensure that this particular X remains silenced throughout all successive somatic cell cycles. This mechanism is random in normal females, being either the maternal or paternal X-chromosome inactivated in different cells of an individual (Lyon 1961) . However, in carriers of X-chromosome alterations, the inactivation is nonrandom (Gartler and Sparkes 1963) . In patients with balanced X-autosome translocations, normal X is preferentially inactivated (Mattei et al. 1982) . On the other hand, in patients who are carriers of unbalanced X-chromosome alterations (e.g. deletions, duplications or isochromosomes), the aberrant X is usually inactivated. In fact, the inactivation is a random process followed by a cellular selection favoring the best genetic balance (Gartler and Sparkes 1963) .
The XCI pattern can be identified using two main methods. First, by the replicating banding, through incorporation of 5-bromo-2′-deoxyuridine (BrdU) (Latt 1973) , and second, by Human Androgen Receptor Assay (HUMARA) (Allen et al. 1992) . BrdU is a thymidine analog that can be incorporated during DNA replication, and followed by Hoechst, Giemsa staining and fluorochrome-conjugated with antibodies to detect cell proliferation, replication banding, sister chromatid exchange, and late replicating X-chromosome (Latt 1973; Stults et al. 2014) . However, this technique presents little reproducibility. The other molecular methodology used to determine the XCI pattern is the HUMARA, which amplifies only methylated sequences, located at first exon of the AR gene (Xq11.2), after digestion by restriction enzymes sensitive to methylation. The generated X-DNA fragments are linked to the XCI pattern due to the proximity of these cleavage sites to a highly polymorphic short tandem repeat (STR) region, composed by (CAG) n trinucleotides (Allen et al. 1992 ). Thus, recognizing the inactive X by HUMARA assay requires the patients to be heterozygous for this polymorphism.
Aiming to analyze cell proliferation, Buck et al. (2008) have recently introduced the incorporation of 5-ethynyl-2′-deoxyuridine (EdU) as an alternative to BrdU assay. Like BrdU, EdU is a thymidine analog with its terminal methyl replaced by an alkyne group (ethynyl). EdU allows its detection by a fluorescent azide (Alexa Fluor ® ), which is fast and very specific (Buck et al. 2008) . Furthermore, EdU assay has recently been performed in two late replication studies. One of them describes the replication bands in human male metaphases (Hoshi and Ushiki 2011) , and the other analyzes asynchronous replication of X-chromosomes in hESC and iPSC lines from a female donor (Bogomazova et al. 2014) . Thus, in accordance with these statements and given the fact that the epigenetic modifications in silenced regions present late replication pattern, we propose for the first time a novel strategy to identify the X-chromosome inactivation pattern through incorporation of EdU in metaphase chromosomes from carriers of balanced and unbalanced X-chromosome alterations.
Subjects and methods

Patients, cytogenetic analysis, genomic array and array painting
We have selected 11 patients with alterations on X-chromosome (Table 1) . Among them are ten females and one male, the latter being a carrier of a normal X-chromosome and a dic(X;15), inherited from his mother. Among the females, five are carriers of balanced X-autosome translocations, and five are carriers of unbalanced alterations on X. All patients signed an informed consent document. Their karyotypes and breakpoints were identified by G-banding, array techniques and/or NOR staining. Chromosomal analysis, at 550 resolution G-banding, was performed on lymphocyte cultures using standard methods, and their karyotypes were determined in a total of 20 analyzed metaphases. DNA for genomic array was isolated from peripheral blood using Gentra Puregene Kit (Quiagen-Sciencesm, Germantown, USA). Genomic array was performed using the Affymetrix Genome-Wide Human SNP Array 6.0 (Affymetrix Inc., Santa Clara, CA, USA) or CGH array SurePrint G3 (Agilent Technologies, Palo Alto, CA, USA) and was analyzed, respectively, by the Genotyping Console 3.0.2 and Chromosome Analysis Suite (ChAS) software (Affymetrix), and the CytoGenomics software (Agilent), both according to GRCh37/hg19. Array painting was performed on patients with X-autosome balanced translocations (patients 1 to 5, Table 1 ), in order to map the rearrangements breakpoints, as described by Moysés-Oliveira et al. (2015a, b) .
EdU and FISH assays
EdU was incorporated in human lymphocyte culture as described by Hoshi and Ushiki (2011) and Bogomazova et al. (2014) with modifications as following. The lymphocytes were isolated from heparinized peripheral blood and cultivated in karyotyping medium PBMAX (Gibco, Life Technologies, Carlsbad, CA, USA) at 37 °C for 67 h. Next, the cells were treated with 10 µM EdU (Invitrogen, Life Technologies, Carlsbad, CA, USA) and incubated for additional 2 h at 37 °C. The medium was replaced with a recovery fresh medium containing 1× PBS, and the cell suspension was incubated for an additional 2 h at 37 °C. The cells were then treated with 0.08 µg/mL colchicine (Sigma Aldrich, Saint Louis, MO, USA) for 45 min, at 37 °C, followed by 75 mM KCl treatment for 8 min, at 37 °C, and finally fixed in
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Carnoy 3:1 (methanol:acetic acid). Chromosomes spread, treated with EdU, were dropped onto clean glass slides and stored at room temperature overnight. FISH was performed using the X-chromosome centromere probe RU-LPE0XR (Cytocell, Cambridge, UK), according to manufacturer's protocol. EdU incorporation was detected by the click reaction, in which a copper-catalyzed reaction occurs between the alkyne group of EdU and azide group of Alexa Fluor ® 488 dye (Click-iT EdU Alexa Fluor Cell Proliferation Assay kit, Invitrogen). Two hundred and fifty microliters of the labeling mix with Alexa Fluor ® 488 dye were dropped onto each slide and incubated for 30 min in a dark room, at room temperature, according to the manufacturer's protocol (Invitrogen). Finally, the chromosomes were stained with DAPI in Vectashield. The metaphases were analyzed under a fluorescence microscope Zeiss (Carl Zeiss, Jena, Germany) and images were captured using ISIS Karyotype Image System (Metasystems, Altlussheim, Germany). A range of 20-200 cells were analyzed per patient.
Human androgen receptor assay (HUMARA)
The protocol of HUMARA was performed as previously described by Araújo and Ramos (2008) with modifications. One microgram of DNA, of each patient, was double digested in a 20 µL final volume, composed of 20 U HpaII (New England BioLabs, Ipswich, MA, USA) and 20 U HhaI (Promega Corporation, Fitchburg, WI, USA) simultaneously and 1× Bovine Serum Albumin (New England BioLabs). These reactions were incubated for 16 h at 37 °C and enzymes were inactivated at 65 °C for 10 min. The first PCR reaction was performed in a 25 µL final volume with 2 µL of digested DNA, 12.5 µL of 2× PCR Master Mix (Promega Corporation) and 10 pmol of each pair primers, described in Table 2 . The Nested PCR was performed in a 25 µL final volume composed by 2 µL of the first PCR product diluted 1000-fold using UltraPure Distilled Water (Invitrogen), 10 pmol of another oligonucleotide primers (Table 2) , 0.26 mM dNTPs (Invitrogen), 1 mM MgCl 2 (Invitrogen), 0.1 U Taq DNA Polymerase (Invitrogen) and Figure S1 ). The undigested samples were used both as control of the digested reactions and to calculate the percentage of the digested allele with a major number of (CAG) n repeats. Then, 1 µg of genomic DNA was incubated in 1× enzyme digestion buffer (New England BioLabs), for 16 h at 37 °C followed by 95 °C for 10 min. The undigested samples were subjected to the same PCR conditions described above. Two normal males and one normal female were included in the HUMARA assay, as control of the XCI pattern.
Statistical analysis
For statistical analysis of the EdU assay, paired Student's t test was used to compare both informative versus noninformative cells and expected versus non-expected X inactivation. The data were calculated using GraphPad PRISM (Version 5.0, San Diego, CA) and P value <0.05 was considered statistically significant.
Results
Inactive X-chromosome identification by EdU incorporation
To analyze the replication timing of the inactive X-chromosomes, lymphocyte cultures from patients with X alterations were exposed to pulse-labeled with EdU before harvesting. To identify the X-chromosome easily, its centromere was marked in red by FISH technique (Fig. 1a-f ). As expected, cells with two or more X-chromosomes showed different times of replication, making it possible to distinguish inactive X from active ones in most cells analyzed. In these cases, X-chromosome with strong green labeling was identified as an inactive chromosome, while X-chromosome weakly labeled in green was identified as the active one. Cells with this pattern were classified as informative (Fig. 1ai) . However, in some cells, both X-chromosomes presented similar labeling intensity, indicating that both X-chromosomes incorporated the same amount of modified uridine, which classified these cells as non-informative (Fig. 1aii) . After EdU incorporation, an average of 76.77 % ± 10.5 of informative cells (P < 0.0001) were observed. In five patients with balanced X-autosome translocations, among the informative metaphases, 98.8 % ± 1.8 exhibited inactivation of normal X-chromosome and 1.2 % of the der(X) ( Fig. 1b , P < 0.0001). On the other hand, in six patients with unbalanced X alterations, among the informative cells, 97.4 % ± 3.6 showed inactivation of abnormal X-chromosome and 3.7 % of normal X-chromosome (Fig. 1c-f , P < 0.0001).
In the male patient 9, carrier of the unbalanced translocation with dicentric (X;15) karyotype, EdU incorporation revealed late replication of Xq, from dic(X;15), in 94 % of informative metaphases. However, the 15q at the same dic(X;15) chromosome presented variable late replication pattern: in proximal, interstitial and terminal regions (Fig. 1d-e) . The late replication of 15q proximal/interstitial regions was observed in 66.66 % of metaphases (Fig. 1d) , while in the 15q terminal region, the late replication occurred in 86.66 % of analyzed cells (Fig. 1e) .
In the female patient 11, carrier of an extra der(X), 91 % of informative metaphases showed X inactivation in one normal X-chromosome and the der(X) (Fig. 1f) . The remaining 9 % of metaphases had only the der(X) inactive.
HUMARA assay
To validate the EdU incorporation assay, HUMARA was performed on all 11 carriers of X-chromosome alterations. In all patients analyzed it was possible to identify the XCI pattern ( excluding patient 11, carrier of an extra der(X), which was analyzed separately (Supplementary Figure S2h) . Among the 10 patients with X alterations, eight presented extremely skewed XCI pattern (Table 1) . In patient 11, carrier of an extra der(X), the HUMARA analysis showed three alleles (226, 229 and 241 bp), two of them (229 and 241 bp) inherited from her mother (patient 10), being the der(X) identified as the carrier of the 241 bp allele ( 
Discussion
We were able to show that the differences between the active and inactive X-chromosomes are more easily demonstrated by performing the fluorescence-based EdU assay than by using classic cytogenetic methods. In fact, EdU assay improved the efficiency of cytogenetic evaluation of the skewed X inactivation pattern, which can be carried out at low cost as well as with ease and high reproducibility.
It is widely known that epigenetic modifications in the inactive X interfere in its replication, and the skewed XCI pattern occurs in patients with X rearrangements (Gartler and Sparkes 1963; Mattei et al. 1982; Schluth et al. 2007) . The red arrow heads show the normal chromosome 15; d 15q of the dic(X;15) shows late replication at proximal, interstitial and terminal regions (red arrow), and e 15q of the dic(X;15) shows late replication only at terminal region (red arrow). f Metaphase from patient 11, with an extra X-chromosome, showing two inactivated X-chromosomes (arrow heads, der(X) and normal X), as well as one active normal X-chromosome (arrow). Xi: inactive X-chromosome; der(X): derivative X-chromosome; X: X-chromosome; der(X)i: inactive derivative X-chromosome (color figure online) Although BrdU incorporation can identify the XCI pattern in patients with X alterations, it is neither a convenient nor a fast technique. To distinguish in situ active and inactive X-chromosomes using BrdU, obtaining good quality metaphases is a laborious, time-consuming process and not highly reproducible. Only after exposing the metaphases slides to ultraviolet light do the late replication regions appear as a differential bleached chromatid by light microscopy. The differential staining of the late replication regions can be subtle and very variable across the metaphases of the same individual, requiring a meticulous optimization of the protocol and an experienced cytogeneticist to analyze the results. The HUMARA assay, as a molecular test to determine the XCI pattern, overcame the need of a high-quality chromosome banding; however, this method has two limitations: (a) it can be applied only in heterozygous carriers to a polymorphic region at AR gene, and (b) it does not discriminate which X-chromosome is the inactivated one (normal or derivative). Thus, we postulate that EdU incorporation could be applied to determine the XCI pattern in patients with X alterations, discriminating which X-chromosome is preferentially inactivated, in a faster way than the two techniques mentioned above. To achieve this goal, the lymphocyte cultures from patients with X rearrangements were pulse-labeled with EdU for 2 h, instead of 6.5 h, as described by Hoshi and Ushiki (2011) , and 20 min, as described by Bogomazova et al. (2014) . In these two previous approaches, the authors had analyzed replication bands in human male metaphases and asynchronous replication of X-chromosomes in hESC and iPSC lines from a female donor, respectively. Bogomazova et al. (2014) used EdU incorporation together with 5hmC-antibody in these cell lines in order to identify the asynchronous replication between the two X-chromosomes, without determining the XCI pattern in these cells. Therefore, by using EdU as a strategy to analyze XCI pattern, we are able to distinguish which X-chromosome is skewed inactive, either normal X or derivative one, in specific cases of X alterations. In fact, the late replication in the X-chromosome was identified in a high percentage of the cells (76.77 %, on average) by the strong green fluorescence from Alexa Fluor ® 488. In ten out of 11 patients, HUMARA confirmed the EdU incorporation results, indicating that 80 % presented an extremely skewed X inactivation and 20 % presented skewed X inactivation. The exception is patient 11, carrier of an extra der(X), in which HUMARA was unable to identify the preferential inactive allele.
In our male patient 9, carrier of the unbalanced translocation with dicentric (X;15) karyotype, HUMARA showed skewed inactivation pattern, and EdU incorporation showed that only the Xq from the dicentric (X;15) chromosome was preferentially inactive. Further, the EdU incorporation indicated that the 15q of dic(X;15) presented variable replication timing. This particular case illustrates how EdU assay can be more informative than the HUMARA method. The late replication region of 15q proximal in the dic(X;15) was observed in 66.66 % of the cells, while in 15q terminal region the late replication was observed in 86.66 %. Therefore, performing the EdU incorporation, it is possible to visualize the late replication status under autosomal regions in X-autosome rearrangements. These results suggested that although the non-coding XIST transcript can spread the silencing marks, the autosomal inactivation does not appear to occur uniformly or in the same way along the dicentric (X;15) chromosome. This discontinuous and incomplete XIST non-coding RNA (ncRNA) spreading in the 15q may occur due to the chromatin architecture organization in the interphase nuclei, where the chromosomes can assume the Rabl configuration. In this configuration, chromosomes are aligned with their centromeres towards one pole of the nucleus and their telomeres towards the other (Sumner 2003; Mizuguchi et al. 2015) . The incomplete or discontinuous XIST ncRNA spreading has been demonstrated by many cytogenetic and molecular analyses (Keitges and Palmer 1986; Schanz and Steinbach 1989; Scheuerle et al. 1995; Gläser et al. 2004; Panasiuk et al. 2004; Yatsenko et al. 2004; Stankiewicz et al. 2006; Sakazume et al. 2012; Yeung et al. 2014) . In fact, the spreading of XIST ncRNA can occur in both cis-acting and trans-acting processes. Thus, the coverage of XIST ncRNA along the X-chromosome depends on the nuclei three-dimensional architecture of the X-chromosome, in which the X-chromatin loops, localized in the same nuclear territory as the XIST transcripts, are more susceptible to its epigenetic modifications (trans-acting) than X-chromosome regions adjacent to XIST locus (cis-acting), but in another nuclear compartment (Engreitz et al. 2013) . The Rabl configuration assumed in the interphase nuclei can explain the high percentage of late replication status observed in 15q terminal from the dic(X;15) chromosome. Besides the effect of Rabl configuration, the difference in replication timing between 15q proximal and 15q terminal regions may also probably occur due to the dicentric (X;15) chromosome constitution. The presence of X-chromosome centromere, nucleolus organization region and chromosome 15 centromere, between Xq and 15q sequences, could act as a physical barrier against inactivation spreading under the autosomal region. Resistance to spreading of X inactivation was also observed in the female patient carrier of unbalanced dic(X;15), where the additional centromere of 15 presumably acted as a physical barrier as well (Scheuerle et al. 1995) .
In patient 11, carrier of an extra der(X), EdU incorporation showed one normal X active and two inactive X-chromosomes: a normal X-chromosome and a der(X) one (this last being inactive in 100 % of the cells). However, the HUMARA results were unable to identify the XCI pattern in this patient with three X-chromosomes. In an attempt to calculate the inactivation pattern in patients with three or more X-chromosomes, according to the equation described by Bolduc et al. (2008) , three combinations, using the area values from minor, intermediate and major alleles, were measured as follows: minor:major, minor:intermediate and intermediate:major. When minor:major alleles were combined, the HUMARA ratio showed indeterminate XCI pattern, and when minor:intermediate and intermediate:major alleles were combined, the ratio showed random XCI pattern. The failure to estimate the XCI pattern in this case, by the Bolduc et al. (2008) equation, is probably due to the fact that this equation was not fit for patients with three or more X-chromosomes. In this patient, even the der(X) chromosome being inactivated in all the cells analyzed by EdU assay, the two remaining normal X-chromosomes still present random XCI pattern. Sato et al. (2004) performed HUMARA assay on a patient with three X-chromosomes after bisulfite modification and they were also unable to calculate the XCI pattern. It is important to remember that performing HUMARA assay in both the patient and one of the parents simultaneously has the advantage of enabling the identification of the chromosomal non-disjunction during meiosis phase in patients carrying two or more X-chromosomes. Regarding our patient with an extra derivative X-chromosome, it was possible to infer that the non-disjunction occurred during maternal meiosis I because she inherited two X-chromosomes, one with 229 bp and the other with 241 bp alleles.
To the best of our knowledge, this study is the first to use EdU assay as a novel strategy to discriminate preferential X-chromosome inactivation. This technique is especially important to those who work with gene expression in patients with X-chromosome rearrangements. The study provides evidence that indicates EdU assay to be a sensitive and efficient method to identify which X-chromosome is inactivated in patients with X alterations, making it possible to visualize both the morphology of inactive X and the late replication status.
